This study refers to the cooling tower of Megalopolis (construction 1975) and protection from corrosive environment. The maintenance of the cooling tower took place in 2008. The cooling tower was badly damaged from corrosion of reinforcement. The parabolic cooling towers (factory of electrical power) are a typical example of construction, which has a special aggressive environment. The protection of cooling towers is usually achieved through organic coatings. Because of the different environmental impacts on the internal and external side of the cooling tower, a different system of paint application is required. The present study refers to the damages caused by corrosion process. The corrosive environments, the application of this painting, the quality control process, the measures and statistics analysis, and the results were discussed in this study. In the process of quality control the following measurements were taken into consideration: (1) examination of the adhesion with the cross-cut test, (2) examination of the film thickness, and (3) controlling of the pull-off resistance for concrete substrates and paintings. Finally, this study refers to the correlations of measurements, analysis of failures in relation to the quality of repair, and rehabilitation of the cooling tower. Also this study made a first attempt to apply the specific corrosion inhibitors in such a large structure.
Introduction
Generally the concrete comprises a protective environment of the reinforcement for the two reasons following.
(i) The aqueous solution of the pores of the reinforcement is intensely alkaline due to lime, which is the product of reaction of the cement hardening, its pH between 12.5 and 13.9. Under these circumstances, steel is superficially covered by a passive layer of iron oxides, which impedes its corrosion. Steel corrosion is restrictive to the maintenance of this passive layer; an action is so slow that it could practically be ignored.
(ii) The concrete acts as a natural barrier between the reinforcement and the various corrosive elements of the environment (such as oxygen and carbon dioxide) as well as other substances which may induce corrosion (such as chlorides).
In time, cement may lose its protective capacity, for example, due to carbonation which is the reaction of carbon dioxide with calcium hydroxide. Then the pH may reach scales lower than 9, so the steel passes from the passive into the active state. Another reason for the corrosion of the reinforcement is the existence of chlorides. Chlorides penetrate the passive layer of oxides and cause corrosion in the form of acupuncture. The type of steel bars is S500s. The concrete coverage of rebar is 30 mm.
The corrosion of the reinforcement into the concrete with pH lower than 9 is an electrochemical action, which takes place when three prerequisites are fulfilled:
(i) anodic dissolution of iron, (ii) existence of oxygen, (iii) electric conductivity through the pores of the cement.
The speed of this action is highly dependent on the environmental conditions. It is quite slow in the case of the existence of the passive layer. However, it increases significantly when the pH value falls under 9. The same happens when the passive layer is destroyed by a sufficient amount of chlorides.
Cooling towers are made of reinforced concrete. The reinforcement is like two nets, an interior, and an exterior one. Vertical reinforcements are placed on both the inner and the outer surface, towards the interior of the concrete while the horizontal ones are towards the exterior of concrete. As a consequence, vertical reinforcements are better protected against corrosion than the horizontal [1, 2] .
The corrosive environment on the inner side differs from the one on the outer [3, 4] . In the inside, the warm water introduced from the whirls of the production of electric current is inducted and then it is sprayed into plastic or wooden midriffs through a network of pipes. In this way, the water is evenly dispersed within the tower and part of it evaporates while the rest of it is cooled. The cool water is collected in the tank at the base of the cooling tower and then it is recycled. It is believed that inside the cooling tower (up to one particular height) there is only vapor and very little oxygen. The existence of oxygen into a higher point, through is significant. The vapor gets away from the top of the tower. On the inside surface of the tower a water membrane is formed. A portion of water from the inside of the cooling tower goes through the concrete and evaporates on the outer surface.
The transfer of water creates the conductive environment which favors the corrosion of reinforcement in concrete. On the outside surface the influence of carbon dioxide is strong, because around the cooling tower was the chimney of turbines factory, which reduces the pH and oxygen and promotes creates of the oxides. Additionally it is mentioned that there are four additional power plants in the region around the cooling tower. Through this analysis, we conclude that on the outside surface of the tower signs of corrosion of the reinforcement are more likely to occur [5] . The inspection of the cooling tower verifies this theoretical picture (Figure 1) .
The minimum and the maximum loss of existing reinforced section were from 0% to 70%. The use of cooling towers water to retain the sulfur oxide from the exhaust-gases changed the pH of water from neutral into acid. For this reason the protection of cooling towers must be strengthened. There were cases, as in Figure 2 (thickness carbonation was 36 mm), that the depth of carbonation has overcome the concrete coverage.
Corrosion and Deterioration of the Cooling Tower
Due to both operational and environmental conditions, the towers are liable to malfunctions because of the corrosion of the reinforcement. The cooling towers show many problems of corrosion of the reinforcement (Figure 2 ). In this particular case, on the outside surface, in many places the reinforcement had been corroded and the cover of concrete was removed. At various points, the corrosion of reinforcement has reduced the diameter of rebar; therefore, the reinforcement must be cut and restored with new section of reinforcement. In this particular case, much attention was paid to the protection of reinforcements against corrosion and against carbonation in order to repair the tower [6, 7] . The applied method of protection against corrosion was the use of organic coatings. The requirements for the painting systems are explained in the instruction VGB "R 612 Ue" [8] (Protection Measures on Reinforced Concrete Cooling Towers and Chimneys against Operational and Environmental Impacts). Please note that the repair study was completed before application of EN1504. The method of repair provided the following.
(i) Removal of the covered parts of concrete to such an extent as to gain relevance of 1.5 MPa. In particular for the concrete of the inside surface of the cooling tower has to be the layer of organic deposits, which had been formed removed. (ii) Cleaning of corroded reinforcement from corrosion products mechanically. Replacement reinforcement, which is necessary.
(iii) Coating of reinforcement with cementitious coatings.
(iv) Rehabilitation of concrete repair mortar.
(v) Protection of the cooling tower with an organic system coating on the surface of concrete.
The purpose of the use of organic coatings is as follows. (ii) To help the outlet of the vapor on the outside surface, while at the same time reduce the inlet of oxygen and carbon dioxide.
(iii) In the case when the cooling tower is used to retain the waste-gases, the organic coating on the inside surface of the tower must be capable of enduring the acidity of the water.
The system of organic coatings for the outside surface of the cooling tower was The final figure of the surface of the concrete after repair is shown in Figure 3 .
Measurement Methods

Controlling of the Pull-Off Test.
Purpose of this method is to estimate the relevance of repair mortal concrete to the painting and to estimate the relevance of old concrete to the painting. According to BSEN 24624 (93) and ISO 4624 (1978) (Figure 4 ).
Acceptance Measures.
The testing of the pulloff was acceptable when the measures were better than ΗΖ = 1.5 N/mm 2 . This value was chosen according to VGB "R 612 Ue. " 
Examination of the Adhesion with the Cross-Cut Test.
Purpose of this method is to estimate the adhesion of organic coating on the substrate and also between the primer and the second coating layer or between different coating layers or the cohesive strength of some substrates, according to ISO 2409N : 1992(E). The test is performed at temperature (23 ± 2) ∘ C, with special engraver made on the surface of the coating initially 6 horizontal alignments (20-30 mm) and then perpendicular to the previous 6 to form a lattice. All scratches must penetrate the surface of the substrate in accordance with the requirement of the standard. The test is performed at 3 different points; on the selected surface, where the 3 scores differ by more than one classification unit, the test should be repeated in another 3 points. The acceptance tests are the categories 0 and 1.
Measuring of the Film Thickness.
The examination of the film thickness of the relevant surface protection coating shall be done with the wedge-cut test according to DIN 50986 [9] . Purpose of this method is to estimate the film thickness of concrete and also the film thickness of reinforcement ( Figure 5 ).
Acceptance Measures.
The minimum film thickness for reinforcement was acceptable: min = 1000 m.
The minimum film thickness for concrete was acceptable: min = 300 m for system 1 and min = 150 m for system 2. Due to time constraints the project owner accepted that some areas of the cooling tower are to be recoated without measuring. Figure 6 : Thickness corrosion protection of rebar with cementitious coating for external shell. 
Experimental Part
The repair process begins with the removal of loose sections in order to achieve concrete strength above 1.5 MPa. Table 1 shows the measurements of relevance that link the concrete with painting. Following the requirements of the study, the following measurements were obtained. All the values of the measurements are higher than the critical value of 1.5 MPa. Then the removal of damaged reinforcement and the replacement with new reinforcement took place. Afterwards, the reinforcements are covered with cementitious coating. Figure 6 shows the averages of measurements of the thickness of cementitious coating of reinforcement on the outside of the cooling tower. The axis showed the separation areas of cooling tower. The average of measurements was not 1000 m (according to the convention) but 850 m. Figure 7 shows the standard deviation of cementitious coating of reinforcement which was almost 195.23 m in all working joints. The axis showed the separation areas of cooling tower.
It should be noted that we faced certain difficulties when measuring the coating thickness of reinforcement:
(1) the surface of reinforcement is uneven. The height of nerves of reinforcement is 150 m; (2) the back side of reinforcements (to concrete) is not suitable for uniform coating; (3) the weather has an influence in the quality of work.
From the above measurements we come to the conclusion that the difference between maximum and minimum value is 650 m. The overall distribution of coating thickness follows the normal distribution.
Analytical measurements of Figures 6 and 7 are presented in Table 2 . Figure 8 shows the average measurements of the thickness of the anticorrosion coating of reinforcement on the inside of the cooling tower. It should be noted that the reinforcements, in general, were not covered with mortar repair. For the reinforcements above the ring of the cooling tower, the thickness of organic coatings had to be 950 m (the thickness of cementitious coating 500 m, the epoxy paint of concrete 300 m, and polyurethane 150 m). For the reinforcements under the ring of the cooling tower the International Journal of Corrosion 5 Figure 9 : Standard deviation of the total thickness coatings to concrete surface of the internal shell.
thickness of paint had to be 800 m. The average of values amounts to 875 m. After applying the cement coating of reinforcement, it was followed by the application of mortar repair. After the restoration of concrete organic coatings were applied. Cementitious coating thickness of cooling tower reinforcements must be the same whether the reinforcement was located inside or outside of the cooling tower. Figure 9 shows the standard deviation of measurements of the thickness of the anticorrosion coating of reinforcement on the inside of the cooling tower which was almost 223 m in all working joints. The axis showed the separation areas of cooling tower. Analytical measurements of Figures 8 and 9 are presented in Table 3 .
The relevance of organic coatings of concrete was tested with the cross-cut method. The measurements are shown in Figure 15 according to the ISO 2409N [10] .
The acceptance tests are the categories 0 and 1:
category 0: none of the squares of the panel are detached;
category 1: detachment of small flakes of coating on the prices of the lines affected an area of the panel not more than 5%. Figure 10 shows the total coating thickness of acrylic coating on the outside of cooling tower. The thickness of the acrylic coating should be 200 m. According to Figure 10 , all measurements were greater than the limit (200 m). Figure 11 shows the standard deviation and the standard deviation% of measurements of the coating outside of the cooling tower. The average standard deviation was almost 12.1 m in all working joints. It is remarkable that the painting of concrete is simpler than the painting of reinforcement. Analytical measurements of Figures 10 and 11 are presented in Table 5 . International Journal of Corrosion Figure 10 : Overall thickness paintings external shell. Figure 12 shows the total coating thickness of organic coatings on the inside surface of the cooling tower. On the inside surface of the cooling tower two cases were presented (Table 6) Table 4 . Adhesion tests of organic coatings were also made using the pull-off method. These tests generally agree with the method cross-cut. In general, the adhesion of coatings on both arms and concrete was satisfactory despite the difficulties. The most difficult part of applying the coating was the weather, because of the intense humidity that existed in the atmosphere.
After one year of operation, the cooling tower was shut down for three days to allow for the necessary maintenance works. Because of short time, it was not possible for measurements to be taken. During this time, an optical inspection of the internal tower was made, which showed good behavior of coatings. The reinforcements, which did not have mortar concrete, showed no general corrosion. As is evident from Figure 11 (inner part), the state of epoxy coating is generally good and delamination and bubbles were not observed. The repair of concrete showed no problems. Red spots are corrosion products from the oxidation of protruding steels. This protruding steel is not reinforcement and exists only for the initial works. The protruding bars are covered only with epoxy primer. Figure 14 shows that reinforcing bars, which protrude outward, are not part of the structure but simply exist only for supporting reasons.
Conclusions
The measurements of this study showed the following. (ii) The coverage of concrete with organic coatings, both internally and externally, reaches and exceeds the required limits.
(iii) The relevance of the coating with the substrate (reinforcement and concrete) was very good.
(iv) The average of the total thickness of coating on the outer shell is stable in all working joints but there was a great standard deviation.
(v) There was a greater standard deviation within the internal shell than in the outer shell. This is because there were more layers of painting inside (epoxy, polyurethane).
